miR396 targets seven GROWTH-REGULATING FACTOR (GRF) genes and the BASIC HELIX-LOOP-HELIX (bHLH) TRANSCRIPTION FACTOR 74 gene (bHLH74) in Arabidopsis. Previous research revealed that the miR396 target module regulates cell proliferation and plays a critical role in leaf development. However, no additional biological functions of miR396 have been investigated in detail. In this study, T-DNA insertion mutants and transgenic plants with altered levels of miR396 or its target genes were used to characterize the regulatory role of miR396 in root development. We found that AtMIR396a was the predominant source for miR396 accumulation in the roots of seedlings, and that the mir396a-1 mutant had longer roots than wild-type seedlings. Overexpression of AtMIR396a decreased the transcript levels of target genes such as GRF genes and bHLH74, and resulted in a shorter root phenotype. Furthermore, the bhlh74-1 mutant had shorter roots, whereas overexpression of an miR396-resistant form of bHLH74 (mbHLH74) had an enhanced root growth phenotype. Moreover, MIR396a regulated root growth by affecting the elongation zone. Taken together, these data indicate that miR396a-mediated bHLH74 repression helps regulate root growth in Arabidopsis seedlings.
Introduction microRNAs (miRNAs), which are approximately $ 21 nucleotides (nt) in size, are key players in the gene regulatory networks of eukaryotes. In plants, miRNAs are processed from stem-loop regions of long primary transcripts by a Dicer-like enzyme, and loaded into RNA-induced silencing complexes (RISCs), where they generally direct cleavage of complementary mRNAs or play a role in translation inhibition (Jones-Rhoades et al. 2006) . miRNAs have been demonstrated to play crucial roles in various biological processes including plant development, hormone signaling and stress responses (Rubio-Somoza et al. 2009 , Voinnet 2009 ).
The Arabidopsis root is an attractive system for the study of plant organogenesis because of the simplicity of its organization. Recent studies have revealed that in addition to transcription factors and plant hormones, small non-coding RNAs play critical roles in root development. For example, miR164-mediated NAC1 (NAM/ATAF/CUC domain transcription factor 1) repression down-regulates auxin signals for lateral root emergence in Arabidopsis (Guo et al. 2005) . In addition to miR160 acting as a key controller of root cap cell formation through repression of the AUXIN RESPONSE FACTOR (ARF) genes ARF10 and ARF16 (Wang et al. 2005) , it also targets ARF17 to regulate adventitious root initiation (Gutierrez et al. 2009 ). miR390, TAS3-derived trans-acting short-interfering RNAs (tasiRNAs) and ARFs form an auxin-responsive regulatory network controlling lateral root growth (Marin et al. 2010 , Yoon et al. 2010 . It was also reported that interaction of miR393 with TIR1 (transport inhibitor response protein 1) modulates auxin sensitivity and affects primary root growth and lateral root emergence (Chen et al. 2011) . Furthermore, miR393 can target AFB3 (AUXIN SIGNALING F-BOX 3) to control root system architecture in response to external and internal nitrate availability in Arabidopsis (Vidal et al. 2010) . Recently, a novel regulatory pathway involving bidirectional cell signaling mediated by miR165/miR166 and the transcription factors SHR (SHORT ROOT)/SCR (SCARECROW) has been identified as determining root cell fate (Carlsbecker et al. 2010) . Therefore, development of the Arabidopsis root is a dynamic process, which requires the integration of plant hormones, transcriptional regulators and small RNAs to produce the correct developmental outcome (Meng et al. 2010) . miRNA396 has been implicated as a significant regulator of cell proliferation (Rodriguez et al. 2010) . In Arabidopsis, the miRNA396 family consists of two members: miR396a and miR396b, which are encoded by AtMIR396a and AtMIR396b, respectively. Mature miR396a and miR396b differ in sequence by one nucleotide at the 3 0 end, with a G in miR396a and a U in miR396b. Seven conserved targets belonging to the GROWTH-REGULATING FACTOR (GRF) family of transcription factors have been validated as targets of miRNA396 Bartel 2004, Jones-Rhoades et al. 2006) . GRF proteins are transcriptional regulators involved in leaf and cotyledon development (Kim et al. 2003 , Horiguchi et al. 2005 , Kim and Lee 2006 , Lee et al. 2009 ). Mutations in different GRF genes, or overexpression of miR396, produce narrow-leaf phenotypes through a reduction in cell number (Liu et al. 2009 , Rodriguez et al. 2010 . miR396 can regulate cell proliferation and the size of the meristem through regulation of GRF genes, and the balance between miR396 and GRF genes controls the final number of cells in leaves (Rodriguez et al. 2010) . Target prediction, combined with RACE (rapid amplification of cDNA ends)-PCR mapping of target mRNA cleavage sites, led to identification of another target, bHLH74 (Debernardi et al. 2012) . bHLH74 encodes a basic helix-loop-helix (bHLH) transcription factor. Repression of bHLH74 by miR396 is required for margin and vein pattern formation in Arabidopsis leaves (Debernardi et al. 2012 ). More recently, functional characterization of miR396 in the legume Medicago truncatula revealed that miR396 affects mycorrhization and root meristem activity (Bazin et al. 2013) . However, in Arabidopsis, the biological role of miR396 in root development remains unclear.
In this study, we report that MIR396a participates in the regulation of root growth, AtMIR396a is the predominant source of miR396 accumulation in seedling roots and miR396a-mediated bHLH74 repression negatively regulates the root cell elongation zone.
Results

mir396a-1 mutants exhibit longer roots than wild-type plants
To discover the biological function of miR396 in root development, a T-DNA insertion mutant of AtMIR396a was obtained from the Arabidopsis Biological Resource Center. PCR-assisted genotyping revealed that the T-DNA in mir396a-1 (SALK_064067) was inserted 449 bp upstream of the AtMIR396a precursor (Fig. 1A) . Quantitative real-time PCR (qRT-PCR) revealed that the level of AtMIR396a primary transcript was 50% lower in homozygous seedlings of the mutant than in the wild type (Fig. 1A) , indicating that it is a knockdown mutant of AtMIR396a. The level of mature miR396 in the mir396a-1 mutant was determined; the miR396 accumulation in the roots was 20% that of the wild type. In leaf tissues, the level of miR396 in mir396a-1 decreased to 58% of that of the wild type (Fig. 1B) . These data indicate that miR396 arises primarily from AtMIR396a in Arabidopsis roots. Next, root growth was observed in mir396a-1. The primary root length of 5-dayold mir396a-1 seedlings was significantly longer than that of the wild type (Fig. 1C, D) . To test whether the root phenotype of mir396a-1 was caused by a decreased miR396a level, a complementation experiment was carried out by generating pMIR396a:MIR396a (in the mir396a-1 background) transgenic lines. We found that these transgenic lines displayed normal root growth as in controls (Fig. 1B, C) , confirming that this construct is sufficient to complement the mir396a-1 mutant phenotype. To confirm the effect of reduced miR396 function, we also used a short tandem target mimic (STTM) strategy to generate 35S:STTM396 transgenic lines with inhibited miR396 activity ). The 35S:STTM396 seedlings displayed longer root growth than observed for seedlings containing the empty vector control (P < 0.01) ( Fig. 2A, B) . Compared with the wild type, the level of mature miR396 was decreased, while transcript levels of miR396 targets including GRF1, GRF2, GRF3 and bHLH74 were increased in 35S: STTM396 transgenic lines (Fig. 2C, D) . These results imply that AtMIR396a might be involved in the regulation of primary root growth.
35S:MIR396a transgenic lines exhibit short-root phenotypes
To investigate the biological function of miR396 and its targets, transgenic lines overexpressing AtMIR396a under the control of the constitutive 35S promoter were generated. Twenty-one independent homozygous 35S:MIR396a T 3 lines were obtained. Small RNA blot analysis revealed elevated miR396 levels in the transgenic lines 35S:MIR396a #7, #17 and #21, but not in the line #24 ( Fig. 2A) .
Overexpression of MIR396a resulted in a short-root phenotype (Fig. 2B, C) . Primary root elongation of 35S:MIR396a seedlings was much reduced. The roots of wild-type seedlings were 16.20 ± 3.87 mm (mean ± SD, n = 20) after 5 d growth on B5 medium, whereas roots of the 35S:MIR396a lines #7, #17 and #21 were 6.20 ± 1.06, 7.10 ± 1.28 and 6.90 ± 0.12 mm (mean ± SD, n = 20), respectively. There was no significant difference in primary root length between 35S:MIR396a #24 and the wild type (Fig. 2D) . In combination with Northern blot results ( Fig. 2A) , this indicates that the short-root phenotype correlated with increased levels of miR396 in these transgenic lines. In addition to shorter roots, 35S:MIR396a plants developed more elongated root hairs relative to the wild type (Fig. 2C) . Overexpression of miR396a resulted in a leaf phenotype similar to that described in previous studies (Liu et al. 2009 , Rodriguez et al. 2010 , with the area of the fourth leaf in 35S:MIR396a lines decreased compared with the wild type (Fig. 3) .
qRT-PCR methodology was used to analyze RNA levels of the target genes GRF1, GRF2, GRF3, GRF4, GRF9 and bHLH74 in the transgenic plants. Primers used were designed from each side of the miR396 cleavage site to detect uncleaved mRNA. qRT-PCR analysis revealed that transcript levels of the GRF genes and bHLH74 in root tissues were greatly down-regulated in 35S:MIR396a lines #7 and #17 compared with the wild type (Fig. 2E ).
MIR396 family and its four targets have transcriptional activities in root tissues
To view the expression regions of MIR396a and MIR396b, promoter-reporter constructs were generated by fusing 2 kb upstream regulatory sequences to a b-glucuronidase (GUS) reporter gene. In roots, GUS staining was observed in the vascular bundle of the primary root from the hypocotyl to the elongation zone, and extended slightly into the meristematic zone (Fig. 3A, B) . GUS expression was also observed in the emerging lateral roots of proMIR396a:GUS plants (Fig. 3C) . In leaves, both MIR396a and MIR396b reporters were expressed in the whole leaf area, and presented a proximodistal gradient in young leaves, with higher levels in the distal than the proximal parts (Fig. 4A, B) . The spatial transcriptional patterns of MIR396a and MIR396b were similar to each other in seedlings.
Promoter reporter lines were also used to observe expression patterns of bHLH74 and GRF genes during root development. These genes displayed different transcriptional patterns in root tissues. GUS staining revealed that the bHLH74 promoter was strongly active in the vascular bundle of primary and emerging lateral roots (Fig. 3D, E) , indicating overlapping expression regions with MIR396. proGRF2:GUS expression was localized to the root tips (Fig. 3F) , whereas the GUS signal in proGRF4:GUS seedlings was strong in the meristematic zone, but weak in the elongation zone (Fig. 3G) . proGRF9:GUS expression was detected in the elongation and differential zone, and gradually disappeared in the meristematic zone (Fig. 3H) . In contrast, RT-PCR data indicated that expression of GRF8 and GRF7 was very weak in the root (Fig. 5) ; this is consistent with previous RNA gel blot data (Kim et al. 2003) . The above observations, combined with a previous report on GRF1 and GRF3 (Kim et al. 2003) , show that at least six (bHLH74 and GRF1, 2, 3, 4 and 9) of the miR396 targets have transcriptional activities in root tissues.
bHLH74 is involved in miR396-directed root growth regulation
Previous research has shown that grf1, grf2, grf3, grf4 and grf5 mutants have normal roots (Kim et al. 2003 , Debernardi et al. 2012 . In this study, we measured the root lengths of grf1grf2grf3 and grf4 mutants. Additionally, the T-DNA insertion line grf9-1 (SALK_140746C), with no detectable expression of GRF9 (Figs. 6), also had its root phenotype observed. The primary root growth in grf1grf2grf3, grf4 and grf9-1 appeared normal compared with the wild type ( Table 1) . Taken in conjunction with the evidence that expression levels of AtGRF7 and AtGRF8 in roots of wild-type seedlings were low, this raised the Error bars represent the SD. Double asterisks indicate a significant (ANOVA, P < 0.01) difference from the wild type. (E) Relative transcript levels of GRF genes and bHLH74 in 35S:MIR396a transgenic lines. RNA was isolated from roots of 5-day-old seedlings. The data shown are means ± SD of three biological replicates. Quantifications were normalized to the expression of AT4G33380, which was validated as the most stable gene for our experiments (Czechowski et al. 2005) . Expression levels are shown relative to those of wild-type plants (set to 1.0). possibility that bHLH74 may be involved in regulating root growth of seedlings.
To define the function of bHLH74 in root growth regulation, the T-DNA insertion mutant bhlh74-1 (GABI-Kat 720G11) was used to observe the root phenotype. Meanwhile, a modified version of bHLH74 (mbHLH74) with mutations that impaired its interaction with miR396 was designed and used to generate 35S:mbHLH74 transgenic plants (Fig. 4A) . RT-PCR revealed that bHLH74 transcript levels increased in 35S:mbHLH74 #8 and #11. In contrast, no bHLH74 transcript was detected in the root of the bhlh74-1 mutant (Fig. 4B) . Compared with the wild type, the primary root length increased by 18.16% in 35S:mbHLH74 (Fig. 4C) , while it decreased by about 24.07% in bhlh74-1 5 d after germination (Fig. 4D) . These results support the hypothesis that bHLH74 is an miR396 target of major importance involved in root growth regulation.
MIR396a regulates root length by affecting the elongation zone
To investigate how MIR396a regulates root development, root meristems were observed using propidium iodide-stained roots from wild-type, mir396a-1, 35S:MIR396a, bhlh74-1 and 35S:mbHLH74 seedlings (Fig. 5A-E) . Only slight changes in meristem cell number and meristem length were detected in the mutant plants (Fig. 5F, G) . Next, the impact of miR396-mediated regulation on cell proliferation was analyzed. The levels of CYCLINB1; 1 (CYCB1; 1) and KNOLLE, which are known to be expressed during mitosis (Lukowitz et al. 1996 , Menges et al. 2005 , were detected by qRT-PCR. This revealed that the expression of these cell cycle-related genes was not significantly affected by miR396a levels (Supplementary Fig. S7 ).
The elongation zone was observed in these lines. This revealed that the length of the elongation zone was significantly increased in mir396a-1 and 35S:mbHLH74, but was decreased in 35S:MIR396a transgenic plants (Fig. 6A-C) . The length of differentiated root cells was measured in the wild type, mir396a-1, 35S:MIR396a, bhlh74-1 and 35S:mbHLH74 to analyze how miR396a controls cellular elongation. We found that mature cortical cell length was increased in mir396a-1, but was decreased in 35S:MIR396a and bhlh74-1 (Fig. 6D) . These data indicate that miR396 can regulate root growth by affecting the elongation zone.
Discussion
An miR396 target module is known to play a critical role in leaf development. It was recently reported that the miR396-GRF1/ GRF3 regulatory module acts as a developmental regulator in the reprogramming of root cells during cyst nematode infection (Hewezi et al. 2012) . The results of this study demonstrate that MIR396a has an additional function as a regulator of root growth in Arabidopsis seedlings, through an interaction with bHLH74.
Use of promoter:GUS reporter lines revealed that AtMIR396a and AtMIR396b had similar spatial transcriptional patterns in roots, although their expression is driven by different promoters (Fig. 3) . Analysis of the mir396a-1 mutant revealed that miR396a contributes more than miR396b to root development, with the level of mature miR396 in the root greatly decreased in the mir396a-1 mutant (Fig. 1) . Northern blot analysis and sequencing data provided by Jeong et al. confirmed that the two miR396 family members had different expression patterns; while miR396a was preferentially expressed in the root, miR396b was preferentially expressed in the flower (Jeong et al. 2013) . The effect of the mutation in AtMIR396a seems not to be restricted to within the vascular bundle tissue. This indicates that the GUS reporter assay can only reflect the transcriptional regions of MIR396, which might be different from the spatial accumulation of mature miR396. Small RNA deep-sequencing profiles using green fluorescent protein (GFP) marker lines provided detailed expression patterns of miR396s in Arabidopsis roots, revealing that miR396a and miR396b accumulated in different root cell types. miR396a accumulated in the columella and endodermis, whereas miR396b was enriched in the cortex (Breakfield et al. 2012) . These data suggest that MIR396a and MIR396b might undergo differential post-transcriptional regulation, which would have important implications for the functional specification of these genes in root development. Further studies using newly developed technology such as TALENS or CRISPR might provide more mir396 mutants, which will help us to understand whether miR396b also plays a role during root development.
Ultimately, miRNA-directed regulation depends on the availability of a particular miRNA and distinct miRNA targets within a given cell type. Among known miR396 targets, promoter activities of four targets have been detected in root tissues (Fig. 3) . bHLH74, GRF4, GRF9 and two MIR396 genes were transcribed in overlapping regions, while GRF2 was expressed in the root tip, a region where MIR396a and MIR396b were not transcribed. This implies that there may be different interaction modes between miR396 and its targets. The interaction between miR396 and its targets, which influences the abundance and spatial distribution of bHLH74 and/or GRF gene transcripts, plays a crucial role in root development.
Following phenotype observation of target mutants, bHLH74 is considered the most important contributor involved in miR396-mediated root growth regulation. Unlike other conserved targets, such as GRF genes, which are found in >30 species, from gymnosperms to monocots and eudicots, bHLH74 homologs with an miR396 target site could be detected only in the sister families Brassicaceae and Cleomaceae (Debernardi et al. 2012) . Recently, Bazin et al. (2013) identified two bHLH79 transcription factors with miR396 binding sites in M. truncatula by searching degradome sequencing results. The miR396/bHLH79 nodes were present in species of the Fabidae taxon, including Fabaceae (Rosid I), but not in other dicots or in monocots (Bazin et al. 2013 ). This demonstrates that conserved miRNAs such as miR396 might 'pick up' functional interactions with extra targets while maintaining their canonical regulation modules (Axtell 2013) .
Because the conserved targets of miR396 belong to the GRF family of transcription factors, previous research has focused on the function of miR396 in controlling cell proliferation in Arabidopsis leaves. Cell proliferation and polarized cell differentiation along the adaxial-abaxial axis in the primordium is critical for leaf morphogenesis (Fleming 2006) . The miR396-GRF module negatively regulates cell division activity by controlling entry into the mitotic cell cycle and the expression of cell cycle-related genes required for coordination of cell division and differentiation during leaf development in Arabidopsis . As with leaf development, root growth requires balanced cell proliferation, differentiation and elongation. After seed germination, root cells undergo repeated rounds of division in the root proximal meristem, and then subsequently experience rapid cell expansion in the elongation-differentiation zone (Beemster and Baskin 1998 , Ubeda-Tomas et al. 2009 . Compared with the wild type, mir396a-1 and 35S:mbHLH74 plants displayed longer roots with an enlarged elongation zone. Conversely, overexpression of MIR396a led to inhibition of root growth, with an associated decreased elongation zone length and mature cell size. No remarkable expression changes of cell cycle-related genes were observed in the mir396a mutant and overexpression lines (Supplementary Fig. S7 ). Thus, we propose that miR396 regulates root growth via modulation of cell elongation rather than cell proliferation; this is consistent with the expression sites of AtMIR396 promoters in root tissues. Studies in Medicago, however, led to a different conclusion, with overexpression of miR396 in roots resulting in growth inhibition; this correlates with a reduction in cell cycle gene expression and the number of dividing cells in the root apical meristem. miR396 seems to act as a regulator of root meristem activity in legumes (Bazin et al. 2013 ). However, in Medicago, impaired root growth was due to repression of three GRF targets, but not MtbHLH79. Moreover, strong GUS staining was observed for these GRF factors in the proximal meristem. These findings indicate that miR396s in different species may interact with different targets to perform their distinct functions.
Although the root phenotype of grf1grf2grf3, grf4 and grf9-1 mutants seemed normal, genetic experiments and expression pattern analysis suggested that these genes have overlapping functions (Kim et al. 2003 , Horiguchi et al. 2005 , Kim and Lee 2006 , Lee et al. 2009 ). Therefore, the involvement of GRFs in the regulation of root development cannot be excluded. It is noteworthy that the roots of bhlh74-1 mutant seedlings were not as short as those from 35S:MIR396a transgenic plants, and the meristematic and elongation zones in the bhlh74-1 roots are only slightly different from those of the wild type (Fig. 4D) . This indicates that there may be other factors besides bHLH74 targeted by miR396 that participate in root growth regulation. In addition to root growth, we note that 35S:MIR396a has more branch roots, and that both MIR396a and bHLH74 promoters were expressed in the emerging lateral roots (Fig. 3C, E) . These data suggest a potential role for the miR396-bHLH74 module in lateral root development. In Medicago, MIR396b displays expression in lateral root and nodule development, and MIM396 roots have increased dry weight and more branches (Bazin et al. 2013) . Further investigation of other miR396-target module roles in root development will enable us to better understand the complexity of this conserved miRNA.
In summary, this study reported that miR396a is involved in regulation of primary root length through interaction with bHLH74. MIR396a has an additional function as a regulator of root growth in Arabidopsis seedlings.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana ecotype Col-0 was used for all experiments, with the exception of the grf1grf2grf3 triple mutant, which was analyzed in the Wassilewskija (Ws) background. Plants were grown under long photoperiods (16 h light/8 h dark) at 23 C in growth chambers. For root length analysis, seeds were surface-sterilized and sown on B5 agar plates after synchronization at 4 C for 72 h. Plates were placed vertically in growth chambers. Root elongation was measured using ImageJ software (http://rsb.info.nih.gov/ij/). The T-DNA insertion mutants of mir396a-1 (SALK_064067) and grf9-1 (SALK_140746C) were identified independently from the SALK collection (http://signal.salk.edu/). The presence of the T-DNA insertion was determined by PCR using primers LBb1-up or PROK-L located at the left border of the T-DNA-and gene-specific primers. Homozygous plants were identified using gene-specific primers and primers located on the other side of the T-DNA insertion (Supplementary Table S1 ).
Vector construction and plant transformation
For the promoter:GUS constructs, approximately 2 kb sequence upstream from the predicted fold-backs for miR396a and miR396b were amplified by PCR, and used to substitute the Cauliflower mosaic virus (CaMV) 35S promoter before the GUS coding sequence in pCAMBIA1301 to obtain pMIR396a:GUS and pMIR396b:GUS, respectively. For bHLH74 promoter analysis, the promoter region of bHLH74, approximately 2 kb in length, was amplified by PCR from Arabidopsis genomic DNA. The PCR products were transferred into the pENTR/D-TOPO vector (Invitrogen), and subsequently into the destination vector pHGWFS7 containing an Egfp:uidA gene fusion by LR clonase reactions according to the manufacturer's instructions. Plasmids for miR396 overexpression were generated by cloning approximately 700 bp genomic fragments of AtMIR396a into pCAMBIA13011 harboring the CaMV 35S promoter. To generate an miR396-resistant version of bHLH74 (mbHLH74), the coding sequence of At1g10120 was cloned, and synonymous mutations were introduced into the miR396 binding sequence by overlapping PCR. The resulting product was cloned into pH7FWG2.0. The STTM396 construct used to inactivate miR396 was generated according to Tang et al. (2012) . The STTM module, which harbors two short sequences mimicking miR396 target sites linked by a short spacer of 48 nt, was inserted between the CaMV 35S promoter and 35S terminator in pCAMBIA1300. All primers used in this work are listed in Supplementary Table S1 . The clones used for vector construction were verified by sequencing.
All constructs described were electroporated into Agrobacterium tumefaciens GV3101, and used to transform Arabidopsis by the floral dip method (Clough and Bent 1998) . Transformants were selected on 12.5 mg ml À1 hygromycin (Sigma). Lines containing single insertions were selected based on the segregation ratio of resistant plants; homozygous stocks of T 3 seeds were used for this study.
GUS assays
To visualize the expression of reporters, transgenic plants were subjected to GUS staining by incubating seedlings in a solution of 1 mg ml À1 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid, 1 mM potassium ferricyanide, 0.1% Triton X-100, 0.1 M sodium phosphate buffer, pH 7.0 and 10 mM EDTA overnight at 37 C, followed by clearing in 70% ethanol.
Microscopic observation
For root tip observations, seedlings were cleared with chloral hydrate and photographed with Nomarski optics on a Nikon photomicroscope. Confocal images were acquired on an inverted Zeiss LSM 710 Meta microscope after the root was stained with 10 mg ml À1 propidium iodide (Sigma-Aldrich). For staining of the columella amyloplasts, roots were immersed in Lugol's solution for 1-2 min. Cortex cell number in the meristem, and the root meristem size were determined as one file of cortex cells extending from the quiescent center to where the cells started to elongate. The elongation zone is between the first elongating cortical cell and the differentiation zone; the latter is indicated by the formation of root hair. Meristem and elongation zone lengths were measured using imageJ software.
Small RNA analysis
RNA was extracted using TRIzol (Invitrogen) according to the manufacturer's instructions. Total RNA was resolved on 17% polyacrylamide gels under denaturing conditions with 7 M urea. RNA was transferred to HyBond-N+ membranes (Roche) by semi-dry electroblotting (Bio-Rad), and membranes were hybridized to DNA oligonucleotide probes labeled with 32 P using T4 polynucleotide kinase (Fermentas). Alternatively, quantification of mature miR396 levels was carried out through a poly(A)-based real-time PCR approach using a One Step PrimeScript miRNA cDNA Synthesis Kit (TAKARA), and the miR396 level was standardized with that of miR171a (Shi and Chiang 2005) .
